Abstract: This article presents a numerical simulation of an unsteady cavitating flow. First, the analysis was carried out for a two-dimensional (2D) venturi-type geometry, and then for a 2D blade cascade simulating an axial inducer.
INTRODUCTION
It is well known that cavitation is one of the phenomena, which can have a harmful effect on the performance of a number of devices (pumps, inducers, propellers, injectors, etc.). Inducers are used to prevent main impeller head decrease due to cavitation. They operate under low pressure conditions where the cavitation occurs at the blade tip and suction side. Under such conditions, the flow field often becomes unstable.
The sheet cavitation can have different behaviours within inducer blades. Cavitation instabilities are classified into two categories: the first is usually called 'intrinsic instability', which is originated in the cavity itself, and the other is usually called 'system instability', which is caused by mutual interference between the cavity and the inducer system or due to interaction with other cavities. The former includes alternate blade cavitation and rotating cavitation.
and experimentally in cavitating and non-cavitating regimes, the influence of inducer geometrical parameters such as blade leading edge shape and sharpening. They validated [6] a cavitation model based on a volume-of-fluid (VOF) approach on commercial CFD software. This numerical model was based on a combination of the multiphase flow equation with a truncated version of the Raleigh-Plesset equation predicting bubble growth and collapse processes.
Tsujimoto et al. [7] have reported the existence of two modes in rotating cavitation: forward-rotating cavitation and backward-rotating cavitation. Later, they observed [8] experimentally various kinds of cavitation instabilities in an inducer, such as cavitation in backflow vortices, attached non-uniform cavitation, and rotating cavitation, and they mapped their occurrences. Furthermore, they presented in reference [9] a unified theoretical treatment of various instabilities in turbomachinery. Yoshida et al. [10] did experimental research on a four-bladed inducer having an alternate cutback impeller in order to suppress rotating cavitation.
Horiguchi et al. [11] reported an analysis of alternate blade cavitation on a flat plate cascade. Friedrichs et al. [12] described an experimental investigation on two centrifugal pumps, which show rotating cavitation over a wide range of part load operating conditions. Joussellin et al. [13] simulated rotating cavitation and alternate blade cavitation occurring in a four-bladed cyclic cascade by applying a twodimensional (2D) unsteady numerical method with a barotropic state law cavitation model. Through comparison with the experimental data on the four-bladed turbo pump inducer, it was shown that the occurrence range trend for rotating cavitation was effectively predicted by numerical simulation. Iga et al. [14] simulated propagating phenomena in cavitation, which corresponds to the rotating cavitation through a threebladed cyclic cascade, and discussed the difference in results obtained under different conditions at the inlet boundary. In this study, numerical simulation is discussed and compared qualitatively to 3D steady experimental data.
This article presents numerical results of unsteady cavitating flows in two geometries. The calculations were performed using the commercial code Fluent with an extension including a modified turbulent viscosity. The article is organized as follows: first, physical models and numerical aspects are described briefly. After that, the numerical results are presented for two unsteady cavitating flows: first, an analysis of a simplified 2D venturi geometry with convergence and divergence angles of 18
• and 8
• , respectively, is presented in order to calibrate the model. Then, a cavitating flow simulation in an axial two-blade inducer using a 2D cascade approximation is discussed. The latter results show the appearance of alternate blade cavitation and rotating blade cavitation at partial loads and low cavitation numbers. Finally, coupling of the rotating cavitation and self-oscillation of the cavitation sheet was presented for a blade cascade.
PHYSICAL AND NUMERICAL MODELLING

Cavitation model
In this study, the cavitation model developed by Singhal et al. [15] is used. This model takes into account the phase change, the bubble dynamics, the turbulent pressure fluctuations, and the non-condensable gas (NCG). The influence of slip velocity between the liquid and the vapour phases is not taken into account.
The basic approach consists of solving the standard incompressible Reynolds average Navier-Stokes (RANS) equations with the use of a conventional turbulence model for the fluid.
The working fluid is assumed to be a mixture of liquid, liquid vapour, and NCG. The mixture density is a function of vapour and NCG mass fractions, γ v and γ g , which is computed by solving a transport equation, coupled with mass and momentum conservation equations. The mixture density ρ is defined by
with
where α g , α l , and α v are, respectively, the NCG, liquid, and vapour volume fractions; and α = α g + α v is the void fraction. The vapour mass fraction is governed by the transport equation given by
where v is the velocity vector of the vapour phase, is the effective exchange coefficient, and R e and R c are the vapour generation and condensation rate terms. They can be a function of the flow parameters and the fluid properties. This formulation employs a homogeneous flow approach, also known as 'Equal-velocity-equaltemperature' approach. The use of this approach, for a practical and general cavitation model, is a good simplification hypothesis for the following reasons.
1. In most engineering machines, the low-pressure regions where cavitation occurs are also the regions where the flow velocity is relatively high. Hence, the velocity slip between the liquid and vapour phases is rather small in these regions.
2. Frequently, the generated vapour takes the form of small bubbles. The cavitating flow can be characterized by a more rigorous two-fluid approach, which allows for velocity slip between the liquid and vapour phases. Unfortunately, there are not general or reliable physical models for all cavitating parameters. Thus, the extra computational effort in the two-fluid approach is of little practical value.
The net phase change rate, R = R e − R c , is calculated using the Rayleigh-Plesset equation (4) , without the viscous damping and surface tension terms, and combining with the mixture, liquid, and vapour phase continuity equations. R is substituted, ignoring the second-order derivative of r b , into equation (3) 
The vapour volume fraction, α v , can be related to the bubble number density, n, and radius of bubble, r b , as
Hence, the phase change rate expressions can be rewritten in terms of bubble radius, r b . For simplicity, the typical bubble size r b is taken to be the same as the limiting (maximum possible) bubble size. Then, r b is determined by the balance between aerodynamic drag and surface tension forces.
Turbulent effects are taken into account by raising the phase change threshold pressure value as
Finally, the following expressions for evaporation/condensation rates can be obtained in terms of the vapour mass fraction, using various limiting arguments [15] 
where C e = 0.02 and C c = 0.01 are two empirical coefficients. The basis for these values is described in reference [15] .
Turbulent models
In this work, two turbulent models are tested.
RNG κ-ε model
This model was developed by Yakhot et al. [16] . It uses the re-normalization group (RNG) methods to renormalize the Navier-Stokes equations, and takes into account the effects of smaller scales of motion. The RNG κ-ε model is derived from the standard κ-ε model. The main difference is the form of the dissipation of the kinetic turbulent energy equation. The turbulence kinetic energy κ and its rate of dissipation ε are obtained from the following transport equations
and
where
P κ represents the production of turbulence kinetic energy
The turbulent viscosity, µ t , is given by
The constants of the model are
σ µ = σ ε = 0.7194, η 0 = 4.38, and β = 0.012
RNG κ-ε modified model
This turbulence model is an adaptation from the RNG κ-ε model. The modification concerns the reduction, in the low-void ratio regions, of the effective viscosity, µ eff = µ flow + µ t . For this, the mixture turbulent viscosity is given by
where mixture density function, f (ρ), is given by
This model, proposed by Reboud et al. [17] allows, in the cases of re-entrant jet, the convection of the vapour cloud shedding.
The RNG κ-ε modified model has been implemented in initial code as a User's Defined Function supplied by Fluent.
VALIDATION ON A BENCHMARK CASE
This section presents the validation results for a cavitating flow over a venturi geometry with convergence and divergence angles of 18
• , respectively, see Fig. 1(a) . The experimental study on this geometry was conducted by Stutz and Reboud [18] , who used double optical probes to measure the void fraction and the velocity. The chosen values for the different cavitation model parameters were obtained by a predictor/corrector loop on the venturi until the prediction of the cavitation length, the detachment frequency and the corresponding Strouhal number became similar to their experimental values. Preliminary 2D computations suggest a strong interaction of the turbulence and the unsteady cavitation at the venturi throat.
Figure 1(b) shows a computational grid, which is a structured mesh of 400 × 100 cells. A special refinement was used near the throat and lower wall where the cavitation is expected to begin.
The working fluid is water at 300 K. The liquid and the vapour densities are ρ l = 1000 kg/m 3 and ρ v = 0.5542 kg/m 3 , respectively, saturation pressure is P sat = 3540 Pa and surface tension is σ s = 0.0717 N/m. The NCG mass fraction is γ g = 15 ppm.
All simulations were carried out at a constant flowrate, the inlet velocity was fixed to u 1 = 7.9 m/s. Exit pressure was varied until the inlet pressure, P 1 , reaches the desired cavitation conditions. Convective terms were discretized using a second-order upwind scheme, while diffusive terms were discretized using a second-order central differencing scheme. Two different turbulence models were tested: first, the RNG κ-ε [16] , and then, the RNG κ-ε modified model as proposed by Reboud et al. [17] . In both cases, the near-wall regions were treated by the wall function method. The cavitating flow is characterized using the pressure coefficient, C P , and the cavitation number, σ , defined as
Numerical results
The first simulations were carried out using the RNG κ-ε model. Numerical results did not reproduce the well-known instabilities of this configuration. The results show, after an unsteady numerical behaviour, a steady cavitation sheet with l cav constant for all times. This cavity remains attached on the lower wall downstream of the venturi throat. This vapour sheet grows when σ is reduced. Figure 2 shows the void fraction for a 10 per cent and σ = 2.23. The cavitation length was defined as the length based on a threshold value for void fraction of 10 per cent.
The cavitation shedding could not be modelled appropriately; the reason is that RNG κ-ε model over estimate the turbulent viscosity in the cavitation region. Hence, the re-entrant jet is stopped at cavitation sheet closure and then, it could not incite the cavitation sheet break off. The RNG κ-ε model was originally conceived to fully incompressible fluids, and no particular correction was applied in the case of the highly compressible two-phase mixture. Therefore, the fluid compressibility is only taken into account in the turbulence equations through the mixture density changes [19] .
To overcome these difficulties, other calculations were performed using the RNG κ-ε modified model. The results show an instability due to vapour sheet detachment. The modification of turbulent viscosity allowed the detachment of the cavitation sheet caused by a re-entrant jet, which appears on the lower divergent wall. The re-entrant jet goes from cavitation sheet closure toward the venturi throat in the opposite direction to the main flow and it detaches the cavitation sheet. Therefore, the cavitation sheet can be convected in the main flow where it will disappear downstream.
In these types of geometry, cavitating flow is characterized by an unsteady behaviour of the cavitation sheet with cyclic fluctuations. The cavitation detachment cycle is showed in Fig. 3 for σ = 2.45, 2.34, and 2.30. The figure shows that l cav increases as σ and f cav decreases. Table 1 summarizes the main characteristics of each detachment cycle. The detachment frequency is equivalent to a constant value of the Strouhal number of St = 0.27 according to the experimental data obtained by Stutz and Reboud [18] . The The re-entrant jet is formed at cavitation closure where a part of the flow continues with the main flow, and another little part of the flow goes towards the venturi throat. A recirculation is created in the cavitation region and the interaction between the re-entrant jet and the vapour interface causes the cavitation detachment as it is observed in the figure. Figure 5 shows the upstream static pressure behaviour in time and its spectral analysis for σ = 2.45. Note that the unsteady flow has cyclic behaviour, which can be observed at the inlet of the domain, because cavitation detachment modifies the dynamics of the flow. Spectral analysis confirms that the detachment frequency is about 60 Hz, see Fig. 5(b) .
The numerical results were compared with the numerical data obtained by Stutz and Reboud for the same geometry [18] . Although the vapour volume fraction is higher in our numerical results than in the reference data, there is good agreement if we compare the instability frequencies. Figure 6 shows comparative results of vapour detachment frequency, f cav , versus v ref /l cav ratio.
NUMERICAL SIMULATION IN A BLADE CASCADE
The numerical study of cavitating flow in a blade cascade of an aeronautic inducer is presented in this section. The original geometry of the inducer is showed in Fig. 7 . The inducer has two blades and rotates at high speed. Main geometrical and operational characteristics of the inducer are listed in Table 2 .
The numerical domain has been divided into three subdomains in order to impose moving mesh conditions. Figures 8(a) and (b) show the three computational subdomains of the whole numerical model, defined as: upstream region (A), blades region (B), and downstream region (C). Tangential velocity, U , was imposed in the moving region (B), whereas regions (A) and (C) were defined as static regions using a sliding mesh technique. Boundary conditions at the domain inlet and outlet were imposed far enough (l 1,2 = 15 · l) from the leading and trailing edges, in order to avoid influencing the final results. See Fig. 8(a) .
The used boundary conditions are as follows.
1. Constant velocity at the inlet, C 1 = Q/A 1 . The nominal flow, Q nom , was defined to correspond to an incidence angle of zero (i.e. when the angles of relative flow and the blade chord are the same). 2. Constant static pressure at the outlet. Its value decreased to get the desired cavitation conditions, σ . 3. No-slip condition at the blades boundaries. Relative velocity between blade surfaces and adjacent cells was imposed as zero.
Sliding interfaces at the limits between (A) and (B)
subdomains and (B) and (C) subdomains. 5. Translational periodic condition was applied for two successive blades. Figure 8(b) describes the boundary conditions and shows the velocity triangle at the blade cascade inlet. Note that the tangential velocity is much higher than axial velocity.
The discretization of the calculation domain was done with a rectangle-like structured grid. A grid study was carried out on non-cavitating flow. Three different meshes were tested: a coarse mesh (300 × 50), a fine mesh (500 × 50), and a refined mesh (650 × 50). The first coarse mesh presented the backflow at outlet domain because of a very important aspect ratio in this region. The fine and refine meshes presented about the same results. Furthermore, three different lengths of inlet and outlet subregions were tested: l 1,2 = 5 · l, 10 · l, and 15 · l. In all cases, satisfactory results were obtained in non cavitating flow. But, when the cavitating flow was simulated, both, first and second cases, have presented backflow problems in the outlet of domain. Problems of divergence have been also observed when the outlet boundary was placed close to the blade cascade, mainly for too small sigma values. In conclusion, all simulations were carried out on fine mesh (500 × 50) with inlet/outlet subdomain length of l 1,2 = 15 · l.
Boundary layer meshing was used to ensure adequate mesh refinement near the walls and thus a small dimensionless factor y + , see Fig. 8(c) . A 1 mm first cell distance was imposed with a growth rate of 1.2 which allowed values of y + between 6 and 51. The working fluid is water at 300 K. The liquid and the vapour densities are ρ l = 1000 kg/m 3 and ρ v = 0.5542 kg/m 3 , respectively; saturation pressure is P sat = 3540 Pa and surface tension is σ s = 0.0717 N/m. The NCG mass fraction is γ g = 15 ppm.
The first results were obtained using the RNG κ-ε turbulence model. Later, calculations were carried out using modified RNG κ-ε model to take into account both intrinsic and system instabilities. In both cases, wall function was used as near-wall treatment.
A segregated solver with a semi-implicit method for pressure-linked equations (SIMPLE) was selected.
The convective flow terms were discretized using a second-order upwind scheme and the pressure equation was discretized using body force weight scheme. The discretized equations were solved using the pointwise Gauss-Seidel interaction, and an algebraic multigrid method to accelerate the solution convergence.
RESULTS
Calculations of unsteady cavitating flow were carried out for four partial flowrates over the blade cascade of a two-blade inducer.
The cavitating flow was characterized, in the blade cascade, by the pressure coefficient, C P , and the cavitation number, σ , defined in equation (15), replacing the inlet velocity, u 1 , by the tangential velocity of blades, U .
Various forms and behaviours of cavitation have been observed in the blade cascade. They are influenced by the flowrate and cavitation number.
Stable cavitation sheet analysis
The first results at a flowrate near nominal conditions, Q = 0.97 Q nom , present a steady cavitating behaviour. The cavitation region starts to form at the leading When the flow rate decreases to Q = 0.81 Q nom , other forms of cavitation appear. Figure 9 shows the contours of void fraction for Q = 0.81 Q nom and different σ values, where it is noted that the cavitation begins with a very small vapour region at the leading edge and suction side for high s values. It is observed that a steady behaviour of the cavitation sheet for σ values between σ = 0.723 and 0.219. This stable behaviour is characterized by symmetrical cavitation sheets attached to each blade. The cavitation length grows gradually as σ decreases.
When σ decreases even more, the cavitation sheet area increases and it obstructs the flow channel. At σ = 0.219, the length of cavitation sheet containing 10 per cent of vapour in volume, is approximately 60 per cent of the blade spacing, h, thus, the alternate blade cavitation appears when σ decreases to σ = 0.174 and this asymmetrical cavitation length continued for σ = 0.140. Afterwards, for σ = 0.114, the cavitation sheet becomes steady and the cavitation length are the same for the two blades. Calculations using RNG κ-ε model Alternate blade cavitation is a phenomenon in which the cavitation length on the blades changes alternately from blade to blade. According to reference [1] , the alternate blade cavitation starts to develop when the cavitation length, l cav , exceeds about 65 per cent of the blade spacing, h. The incidence angle to the neighbouring blade decreases and hence the cavitation length on the neighbouring blade decreases also. Then the incidence angle of the original blade increases and the cavitation length on it increases also. The curves of Fig. 10 represent pressure coefficient distribution versus y/l ratio on the blades. In this figure, the variation of l cav /l ratio is clearly observed as σ decreases. The l cav /l ratio remains the same for all σ , except to σ = 0.174. We can see that the cavitation length is smaller on blade 1 compared with blade 2. Hence, the pressure coefficient is same on two blades when the cavitation sheet length has the same size on both blades. Nevertheless, if the cavitation lengths do not have the same size, the pressure coefficient on the blade, which has the smallest cavitation length will be higher than the one on the blade which has the largest cavitation length. This figure shows, for all σ except σ = 0.174, the same values of pressure coefficient on both blades. This is the case for symmetrical blade cavitation. However, for σ = 0.174, pressure coefficients are different on blades, which represents alternate blade cavitation. Figure 11 presents the cavitation sheet behaviour for Q = 0.60 Q nom as σ decreases. Analogous to Q = 0.81 Q nom , the alternate blade cavitation starts as soon as the l cav /h ratio is higher than 65 per cent (i.e. for σ = 0.156).
Head drop curves are presented in Fig. 12 for four different relative flowrates. Head curves show a gradual decrease of head with decreasing σ , followed by breakdown. Values of σ for head drop become lower for lower flowrate. Head curves of low flowrate show a slight head rise just before the sudden breakdown. This phenomenon is caused by a depression formed on the suction side by an intense deviation of the flow, thus the lift pressure of the blade was improved. The head breakdown occurred when the vapour region blocked the channels of the blade cascade, it is produced for Q = 0.97 Q nom , 0.81 Q nom , and 0.56 Q nom , at σ = 0.300, 0.130, and 0.018, respectively.
Unstable cavitation sheet analysis
Numerical simulations for low flowrates (below Q = 0.55 Q nom ) present many divergence problems. Therefore, the numerical calculations were performed at a low flowrate of Q = 0.56 Q nom where rotating cavitation was observed. Figure 13 presents the cavitation sheet behaviour as σ is decreased for Q = 0.56 Q nom . Symmetrical cavitation lengths were observed for high σ values, σ = 0.294, similar to higher flowrates cases. Rotating cavitation appears as soon as σ is decreased to σ = 0.258. After that, cavitation lengths become symmetrical on both blades for all σ values lower than 0.185. Figure 14 shows the contours of void fraction, α = 10 per cent, at different times of the rotating cavitation cycle, T , for s = 0.258.
Monitoring the cavitation sheet evolution on blade 1, it is observed that the cavitation length is the same on both blades at t = 0.5 and 1.0T . At the beginning of the cycle, the cavitation length on blade 1, (l cav ) Blade 1 , decreases with time. Hence, at t = 0.267T , the size of (l cav ) Blade 1 is the smallest on blade 1, while it becomes the largest on blade 2, the cavitation length on blade 2 is inversed to the one on blade 1. Hence, (l cav ) Blade 2 decreases from t = 0.267 to 0.777T where (l cav ) Blade 2 is the smallest on blade 2 and (l cav ) Blade 1 is the largest on blade 1. (15), where P is the area-weighted Calculations using RNG κ-ε model average of static pressure on virtual probes fixed on the suction side, from leading edge to throat, and P ref is the upstream static pressure. The curves show, after a transitional numerical period, that the behaviour of pressure coefficient on blades becomes cyclical after t/t ref = 400. Pressure coefficient has an opposed behaviour between both blades. A fast fourier transform (FFT) analysis of the pressure coefficient (which can be related to cavitation length as it is observed in Fig. 10) shows that the sheet cavitation has a cyclic unsteady behaviour with low frequency equal to f cav = 0.07 f ω on one blade Figure 16 shows the upstream pressure fluctuations caused by rotating cavitation. The variations of cavitation forms in time change the flow dynamics, which cause pressure fluctuation upstream. The frequency analysis on the absolute frame gives f cav = 0.14 f ω because of cavitation detachment on two blades. Figure 17 shows static pressure evolution in time on each blade and at inlet of the domain. Upstream pressure is influenced by pressure fluctuation of each blade. As a consequence, the frequency upstream is two times larger than on one blade.
Fig. 17
Monitoring data of static pressure on three different points of blade cascade: on virtual probes of blade 1 and blade 2 and at inlet of domain for σ = 0.258
Coupling of the instabilities and the self-oscillation of a cavitating sheet
Numerical simulations were completed using the RNG κ-ε modified model (equations (13) and (14)) for Q = 0.56 Q nom and σ = 0.258. This modification allows the interaction between the unsteadiness of the two blades and the self-oscillation of the cavitating sheet. Figure 18 presents the contours of void fraction at different times on a blades cascade. The   Fig. 18 Coupling of the rotating cavitation and the self-oscillating cavitation on two-blade inducer for σ = 0.258 and at Q = 0.56 Q nom . Calculation using RNG κ-ε modified model Fig. 19 Comparison of temporal evolution of cavitation length, l cav , on two-blade inducer. Calculation using RNG κ-ε model and RNG κ-ε modified cavitating sheet shows a quasi-cyclical unsteady behaviour with a detachment frequency equal to f cav = 0.06 f ω on relative frame and f cav = 0.12 f ω on absolute frame. The cavity has a similar cyclical unsteady behaviour as in analysis using RNG κ-ε model, but now, the results show the vapour sheet detachment (t = 0.833 to 0.867T , blade 1 in Fig. 18 ), followed by its convection downstream (t = 0.9 to 0.933T , blade 1) and then, the cavitation passing from blade 1 to blade 2 at blades cascade throat (t = 0.967 to 1.0T ).
The curves of Fig. 19 show the cavitation length in time, l cav , calculated on each blade based on a void fraction of 10 per cent (see Fig. 14 t = 0.033T ) . A negative sheet length means that a cavitation sheet was attached to the pressure side of the blade. It appears when the cavitation length of the neighbouring blade is large enough, which produces the blockage of the channel flow. Thus, the flow passes only through the other channel, see Fig. 19 . This figure also shows cavitation length evolution for previous results (RNG κ-ε model). The four curves have a similar behaviour but the cavitation length is larger with the modified RNG κ-ε compared with the standard model.
The local length fluctuations observed on modified turbulence model are caused by the self-oscillation of cavitation region.
CONCLUSIONS
Unsteady numerical simulations were carried out over two different configurations: first, in venturi geometry and then, in a blade cascade of an aircraft inducer.
Cavitating flow in the venturi exhibited the instability due to detachment of cavitation sheet in a static geometry. For this case, it was necessary to modify the turbulence model in order to allow the formation of a re-entrant jet at cavitation closure, which causes the cavitation detachment followed by the convection of vapour sheet in main flow, and its disappearance downstream.
Cavitating flow in the two-blade inducer, for various σ values and flowrates, predicted three types of cavitation behaviour on the blade cascade:
(a) stable behaviour with symmetrical cavitation length; (b) stable behaviour with non-symmetrical cavitation length; (c) cyclical unstable behaviour with non-symmetrical cavitation length.
Cavitation length behaviour was symmetrical and stable for a high flowrate of Q = 0.97 Q nom . Alternate blade cavitation was observed for lower flowrates, when the l/h ratio was higher than about 65 per cent. Finally, the rotating cavitation was observed only for a partial flow rate of Q = 0.56 nom , where the calculations were carried out using RNG κ-ε model and RNG κ-ε modified model.
Numerical results showed three different mechanisms of cavitation instabilities.
1. Self-oscillation of the cavitation sheet owing to the interaction between the recirculation flow and the cavity surface in the venturi geometry. 2. Rotating cavitation owing to the interaction of the sheet cavitation in a blade with the leading edge of the neighbour blade in blade cascade. 3. Coupling of the rotating cavitation and the self-oscillating of the cavitation sheet in blade cascade.
The results showed unstable cavitation lengths with similar behaviours as in results presented in references [20] and [21] for cavitating flow in four-blade inducer using different physical model and numerical codes based on different computational methods.
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